INTRODUCTION ABSTRACT
The occurrence of wave impact at the bow of FPSOs has been a topic of more advanced dedicated research especially since an impact from a steep fronted wave damaged the bow of the new build Schiehallion FPSO, well above the waterline, on November 1998. This work aims at characterizing the probability of wave impact and expected impact load on the bow geometry of an FPSO.
In order to determine the instants when impact occurs, an experimental program was performed on a specific bow shape. The bow was instrumented with pressure transducers and the test program, also making use of video recordings, was designed such that it was possible to determine the correlation between undisturbed wave shape and the impact pressure time traces. It has been found that wave impact at the bow is highly correlated with the local wave steepness, which for very high waves has at least second order effects.
There has been research for design of FPSO bows based on a prescribed probability of greenwater events that should not be exceeded. It has been based on non-linear corrections to results of linear radiation-diffraction codes (Buchner 1998 (Buchner , 2002 or by including some second order corrections (Hellan 2001) , because the numerical simulations of these phenomena are still not mature enough to be applied during design. A comparison between the probability distributions of local wave steepness of the experimental undisturbed wave time trace and numerical simulations of second order wave theory is provided and it confirmed that the latter is very adequate for calculations.
Guedes Soares et al (2001) conducted a series of experiments on motions of an FPSO model and compared the predictions both with a linear radiation-diffraction code and with a strip theory code showing that in both cases an excellent agreement was obtained. Guedes Soares and Pascoal (2002) have studied the probability distributions of green water on deck and showed that based on a relative motion formulation the predictions of the theory agreed well with the measurements. However their results were obtained with a model with basically vertical sided bow, while the ones of (Buchner 1998 (Buchner , 2002 account for different flare and introduce the corrections for that effect.
The experimental results were further used to determine how the probability of impact varies with free surface vertical velocity.
It was found that the significant wave height of the sea state itself does not have significant influence on the result and a regression model is derived for that type of bow.
The proposed model for determining the probability of impact load is based on combining both models. The analytical nature makes it fast and easy to expand to other cases of interest and some example calculations are shown to demonstrate the relative ease of the procedure proposed.
The present paper was developed within the SAFE-FLOW project (SAFE-FLOating offshore structures under impact loading of shipped green water and waves), which is funded by the European Community and by a large group of 26 industrial participants (oil companies, shipyards, engineering companies, regulating bodies). Its objective is to develop guidance, calculation methods and risk assessment procedures for green water and wave impact loading appropriate to each stage of a floater project, The position of the impact is determined by the non-linear wave crests and the ship motions. The ship motions can be determined based on a linear response to the non-linear waves considered.
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namely: concept development, detailed design and operation. The greenwater and wave impact events are basically of the same type in the sense that they are related to the relative motion between the platform and the waves. However while green water occurs when the waves are high enough to reach the deck or side of the platform, the impact of a bow can occur with waves that are not is high but on the other hand they need to be steep enough for an impact to occur. Therefore while for green water it is the distribution of the relative motion or the distribution of wave crests that are on interest, for the bow impact problem it is the distribution of wave steepness that is governing.
The research reported herein shows how it was concluded that the determining factor for wave slam was the local wave steepness and considers the adequacy of second order wave models to be used for design purposes, to determine the probability of local wave steepness and consequently the probability of wave impact given a sea state and on the position of the impact on the bow. PexcBasin -Exceedance probability estimate calculated from the basin simulation. PexcNum -Exceedance probability estimate calculated from the numerical simulation.
NOMENCLATURE

EXPERIMENTAL PROGRAM
In the model test research conducted within the SAFE-FLOW project (Voogt, 2001) , it was identified that the wave impact loading on the free floating model of the Schiehallion FPSO was not dominated by relative wave motions effects, but by the local characteristics of the waves themselves. Based on this observation, a second series of model tests was carried out with a simplified fixed bow structure with detailed pressure instrumentation, so that the relation between the waves and the wave impacts could be studied in more detail.
shows the details of the schematic bow set-up and its instrumentation. The scale was 1:60. The tests were carried out in the MARIN Seakeeping and Manoeuvring Basin, which has a depth of 5.0m (model scale). The experimental setup was mounted in a way that made it possible to run physical tests, consisting of generating waves in a basin, such that the wave sequence was very close to being exactly repeatable.
First the waves were generated and measured by several probes mounted at the location where a fixed bow model was to stand, as schematically presented in . The probes are mounted in such a way that it is possible to get a good estimate of local free surface steepness and velocity. The wave elevation probes were mounted vertically, parallel to the incoming wave ray, in the case a straight line. There were also probes mounted horizontally in such a manner that the incoming velocity may be more easily calculated.
In the final stage of testing, the sequences were repeated but with the bow model already in position. The bow is instrumented with pressure transducers, as shown in , and videotaped so that wave impacts are more easily identified and characterized. Because the wave train is exactly repeatable, it is possible to correlate the events that are to be analysed with the undisturbed wave properties at the time it happens. Figure  3 Using the undisturbed wave properties, instead of the disturbed, makes it possible to verify if there are some facts closely correlated with the properties of the wave itself and not specific to the bow shape.
The experimental program matrix of tests for wave calibration is presented in Table 1 and each test was repeated 5 times, total of 15hour full scale, with different seeds for the random number generator in order to get better confidence on the values of statistics. The sampling frequency was 25Hz. The impact tests were performed on a flat plate, i.e. 180 degree internal angle, with 15 and 30 degrees tilt and on triangular plates with 30 degree tilt but with internal angles of 150 and 120 degrees, the loads are sampled at a rate of 2000Hz. The test matrices, for irregular waves, are given in to . For the flat plate with 30º tilt, 5 times 3h tests were run using the previously calibrated waves, the different simulations of the same seastate will henceforth be referred to as groups 1, 2 and 3. For the other plates, only the signal around the strongest impact was used and repeated 10 times. Table 2 Table 2.-Impact on flat plate with 30º tilt. 
ANALYSIS OF EXPERIMENTAL RESULTS
The test data that is analysed herein is only relative to the flat plate with 30º tilt. The wave, pressure and video time traces are analysed on a wave by wave basis. The impact events are identified and it is studied how the impact pressures propagate and how the impulse changes. The height at which the impact occurs was registered and the impact conditions were determined. By detailed analysis of the tests, it was found that the impulse of the wave impact was governed by the maximum local free surface steepness (Voogt, 2004) .
The local free surface steepness is linearly related to the free surface vertical velocity (FSVV) through the wave celerity, k , in fact for a single sinusoidal wave:
and this allows an easy transformation from a time series of free surface elevation to the one of local wave slope. Though this is strictly true only for linear waves and on a wave to wave basis, given free surface continuity and according to Cauchy's intermediate value theorem, there are values of and such that the relationship is verified for a wave that results from a sum of elementary components. k Due to the relationship between local wave steepness and free surface vertical velocity it was analysed whether in fact the good correlation between impact and the velocity still holds. The correlation was assessed and found to be good and thus, as shown in the impacts were analysed versus the FSVV maxima. Because the resulting signal is non-linear, it is easier to calculate properties from the time trace and thus time traces are of interest. The passage from frequency to time domain, and vice-versa, is an easy step with the use of FFT algorithms. Figure 5 shows a relation between the crest height of the wave and the maximum vertical velocity or local slope. In red are shown the cases which resulted in wave slams. It can be observed that for higher values of maximum local slope the percentage of cases that led to impact increases. Therefore, fro a given sea state the probability of impact can be n«modelled as a function of the local wave slope.
PROBABILITY OF WAVE IMPACT
In order to estimate the probability of having one impact given a sea state and the local free surface vertical velocity, written as:
the impacts within a sea state have been grouped and counted as a function of the free surface vertical velocity. An example of impact as function of FSVV and crest height is shown in . The probability in (2) is then estimated as the number of impacts in one bin over the total number of waves that posses that FSVV. The bins have a finite width because of the discrete nature of the events. In order to determine a continuous function describing the probability of impact given a FSVV, a straight line was adjusted, in the sense of least squares, to the probability within the bin intervals in the region whose sum of probability exceeds roughly 3% till the value of 100%. Examples of the adjustment are shown in F to and appear adequate. igure 6 Figure 6 .-Probability of impact versus free surface vertical velocity, average for group 1. In cases such as Figure 6 , the 100% value was assumed to happen, though velocities were not high enough and uncertainty makes the last bin smaller than expected.
Given the repeated simulations of the same seastate, some scatter is evident in . It appears there is some concentration of lines of the first group of tests to the left of the plot while group 2 and 3 concentrate more to the right. Due to the large uncertainty when characterizing such a complex event, it was decided that one weighted curve shall be used for the whole of the sets. The mean curve of the values given in shall be used in further calculations. 
The use of FFT algorithm, the symmetry of the second order term and vector manipulation such that equal frequencies are summed before the transform is applied, makes it fast to transform the second order sum and difference frequency components into the second order time signal.
Figure 9.-Probability of impact given a free surface vertical velocity.
The closed form functional relationship that is derived for the average curve follows as: 
It is possible to be more conservative by taking some other curve starting at lower velocities.
Because of the functional relationship between the probability of having an impact and the FSVV, it may be used directly to determine the long term probability of having an impact by evaluating the following expression over the scatter diagram:
The time derivative is taken at the centre node of a sliding three point Legendre polynomial, which is a fast procedure due to vectorization of the algorithm, but it is also possible to write down the equation for the derivative of (6)itself and directly produce the signal derivative. The analogous physical procedure goes for the sensors used in collecting field elevation data because many times the elevation results from the integration of velocity or double integration of acceleration, that is the raw data the sensor actually produces, and thus the discrete time derivatives and their drawbacks, especially those related to signal noise, may be reduced by registering the raw data. When only elevation is available, then the sliding node derivative scheme is applicable to the signal after some tests have been made to the quality and odd points have been removed.
The numerical simulation is intended to replace further experimental tests if only the FSVV is needed and therefore the quality of the proposed second order approximation and also the benefits when compared to a linear simulation have to be assessed. The experimental tests themselves have to be compared against field data and validated.
where is the probability of having a certain seastate and P sea | f w sea is the probability density function of FSVV given that the seastate has occurred.
It is not absolutely correct to mix a discrete probability of impact given FSVV with a continuous distribution of FSVV, but it could be understood as taking the average velocity over an interval, the associated probability, and shrinking the interval to zero.
In order to make a comparison between field data, basin data and numerical simulations, it is chosen to compare field data with numerical simulation and basin data with numerical simulation, eliminating direct comparison between field and basin data.
As in other long term evaluations, the number of cycles that the system endures under each sea state, in proportion to the total number of cycles, may be taken into account by a weighing factor in the kernel of the integral, i.e., greater average period gets less cycles. The usual form of this factor is:
overall average period wf average period for the sea state (5)
In expression (4) the only missing element is the probability density function for the FSVV.
NUMERICAL SIMULATION OF WAVE TIMETRACES
In order to make more accurate calculations, a second order time trace is produced by using the method of Sharma and Dean (1981) . The method results from second order wave theory as: Copyright 2004 by ASMEField data used in this section originated from North Cormorant and were collected during a storm in 11 th -12 th March 1996. The time traces of free surface elevation consist of sequences with 34min duration at a 0.5s sampling period. Typical comparisons are shown in and . In order to make fair comparison the numerical simulation was run with the same sampling period as the field data and thus the linear curves are not as smooth as would otherwise result from longer simulation time and smaller sampling period. The relative error between the cumulative probability of exceedance of FSVV from basin simulations and numerical simulation has been calculated as:
PexcNum PexcBasin e PexcBasin (9) Figure 14 .-Relative error between basin data and numerical simulation, Hs 14m, Tp 14s. where the basin simulations are thus considered to be good representations of field data.
PROBABILITY OF IMPACT It may be seen in that the relative error for the first order simulation is increasing for large velocities and in fact the error is unity before the maximum velocities have been attained. The second order simulation is capable of reproducing the large velocities and for a typical simulation the error in the cumulative distribution function is about 10% at the maximum velocities. To demonstrate the application of the approach proposed an example is given with a wave scatter diagram from an area in the North of Europe corresponding to the North Sea, whose scatter diagram's equiprobability contours are plotted in . The procedure used was simply to calculate (4) with the probability density function of FSVV being determined from simulations of second order waves in relevant sea states chosen from the scatter diagram. The parameters for the simulated sea states are presented in . The parameters were estimated from the resulting second order time traces whilst in Table 7 are those given as input data. The input data are actually referred to the first order values determined for a JONSWAP spectral representation with different values of the peak enhancement factor . The calculation was performed for the three values of . It was assumed that the given sea states are representative of the values of the FSVV for Hs greater than or equal to 5.5m. The probability of having these sea states was augmented such that the sum gave 1 while maintaining the relative values.
The probability of having Hs greater than or equal to 5.5m was determined from the scatter diagram of European area 8 and gave a value of 0.1627. This value is constant for all and multiplied the values of probability of impact calculated with the chosen sea states. The probability of having one impact given, at least, the specific bow geometry, the European area 8 scatter diagram, the second order simulations and head waves, are presented in . 
POSITION OF IMPACT RELATED TO CREST HEIGHT
Besides the probability of the impacts, the position of the impacts, their characteristics (magnitude, characteristics in time, spatial extent, effect of bow shape) and resulting structural responses are important. In the SAFE-FLOW project a complete methodology has been developed to derive this, see (Voogt, 2004) . In this paper the position of the impacts will be discussed. The impact characteristics (magnitude, characteristics in time, spatial extent, effect of bow shape) are present elsewhere, see (Voogt, 2004) and (Voogt and Buchner, 2004) .
In the model an array of pressure transducers was installed. In total 5 columns of each 8 sensors were available for the analysis. From the repeated wave tests it was found that large spreading can occur on the time trace of the pressure in exactly reproduced waves. Therefore the impulse of the slam is calculated with an integration of the pressure over its duration. The magnitude of the impulses is plotted for a column of transducers, see 
Due to the adopted method the impact height above the waterline is sampled with the distance between the rows of the transducers. For each impact with the slam centre at the third row from above a histogram of corresponding crest heights is shown with a small inset to the graph. It is clear that some spreading occurs but that most of the crest heights do correspond to the slam centre. The comparison with the wave heights of the incoming undisturbed waves show that most slam loads occur relatively close to the wave crest. This is consistent with the observation that the maximum velocity occurs close to the crest front of the incoming wave.
A threshold value of 0.01 was used in the examples shown in this document.
After the scheme has converged, the linear amplitudes are known and the response to this linear wave can be calculated. The The previous section showed that the slam centre occur close to the crest of the undisturbed non-linear wave. However for the design of a bow panel in a floating structure, also the ship motions should be taken into account. To check the assumption that these motions in steep waves can still be described with linear diffraction theory, the model tests reported with a floating model (Voogt, 2001) were analysed further. A good comparison between measurements and linear calculations is found, which is confirmed in the time traces in F .
An iterative procedure has been developed that fits a linear wave and its second-order contributions to a measured wave train. The procedure works as follows:
igure 19
1. An estimate of the linear part of the wave train is given. In practice, a good first guess is the measured wave train itself. 2. With a Discrete Fourier Transform (DFT) the amplitudes and phases of the linear estimate are determined. 3. The corresponding second-order sum-and difference frequency wave is determined and added to give an estimate of the total wave. 4. The difference between the estimated wave and the measured wave is determined. If this difference is larger than a certain pre-defined value, the difference is added to the linear estimate and the scheme is repeated from point 2 onwards.
The sum and difference-frequency waves are not determined for the entire, theoretical frequency range. Both are restricted to the frequency range [0, max ] , where the cut-off frequency max depends on the wave spectrum. A second-order fit is not realistic above the cut-off frequency since third-and higher order effects are bound to occur. The exact formulation for the cut-off frequency (or cut-off wave number k max ) is taken from (Stansberg, 1998) and equals: Figure 19 .-Time traces of measured vessel response compared to calculated response assuming linear motion response Even for these large differences between the linear wave and the measured wave, the linear wave is still capable to describe the major part of the ship response. Therefore the following procedure is implemented to determine the location of the impact: Where is the standard deviation of the wave record and n the number of independent amplitudes, estimated as:
Combining the time trace of the non-linear wave and the linear ship motions gives a relative wave motion in front of the vessel. z T T n ; T z is the zero-upcrossing period and T the duration of the signal (N t). From these relative motions the slam centre can be determined if a slam occurs. For the waves considered so far, this iterative scheme is found to converge reasonably fast. The break-of criterion for the iterative scheme is chosen as follows:
CONCLUSIONS
Based on the results presented, the following conclusions seem justified:
The free surface vertical velocity is a good identifier for wave impacts on FPSO bows.
The second order formulation for determining the free surface vertical velocity is adequate for the type of problem at hand whilst linear solutions are not.
The possibility of running long second order numerical simulations may be used in order to give not only the parameters but also coherent confidence intervals.
Adjusting a theoretical distribution, and checking the confidence interval a priori, makes the method fast and less prone to error.
The position of the impact is determined by the non-linear wave crests and the ship motions. The ship motions can be determined based on a linear response to the non-linear waves considered.
